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Abstract 
 
The paper presents results of research on the influence of cooling rate on the structure and properties of G17CrMoV5 – 10 (L17HMF) cast 
steel. The material for research was a section taken out from an outer cylinder of a steam turbine body after about 250 000 hours of 
operation at the temperature of 535°C and pressure 9 MPa. The investigated cast steel was subjected to heat treatment which consisted in 
cooling at the rates corresponding to the processes, such as: bainitic hardening, normalizing and full annealing. Tempering after the 
process of cooling from austenitizing temperature was carried out at the temperatures of: 700, 720 and 740°C. Performed research has 
proved that structures obtained after bainitic hardening and normalizing are characterized by a large strength margin which allows to apply 
high temperatures of tempering. It has been shown that the cast steel of bainitic structure, with similar mechanical properties as the cast 
steel of bainitic – ferritic structure, is characterized by almost twice as high impact energy. Full annealing and tempering of the examined 
cast steel ensures only the required impact strength, with mechanical properties comparable to those after service. 
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1. Introduction 
 
Long-term service of steel casts in the temperature range of  
530    550°C  contributes  to  an  increase  of  their  functional 
properties as a result of structure degradation in the serviced casts. 
What  occurs  after  the  operation  period  is  a  slow  decrease  of 
mechanical properties and impact energy below 27J, as well as an 
increase of NDT temperature [1, 2].  
The extent of the decrease of  mechanical properties during 
casts’ operation at elevated temperatures depends largely on the 
initial structure of the serviced cast steel. Individual research as 
well as the literature sources indicate that in the case of tempered 
bainitic structure or bainitic one with a slight ferrite amount – i.e.  
5%, the required properties of long-term serviced cast steels are 
ensured  [3].  A  similar  tendency  for  maintaining  the  required 
impact strength after long-term operation could be observed in the 
new low alloy cast steels of tempered bainite structure [4, 5].  
Degradation  of  structure  and  mechanical  properties  of 
massive steel casts, however, does not limit the possibility of their 
further service. Extension of the safe operation period is enabled 
by  the  process  of  cast’s  revitalization.  It  includes  most  of  all: 
removal  of  deformations  and  fractures,  and  regeneration  of 
structure through heat treatment [6]. 
Modern  hardening  plants  opened  in  Poland,  where  the 
aqueous  solutions  of  polymers  are  applied  as  a  cooling  agent, 
enable  cooling  of  massive  casts  at  programmed  rate  which 
ensures  achievement  of  an  optimum  structure  throughout  the 
cast’s section [7, 8].  
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The  bainitic  structure  characterized  by  high  mechanical 
properties  as  well  as  impact  strength  KV  >  100J  ensures  that 
during long-term operation the impact strength will not go down 
below  the  minimum  required  value  of  27J.  Therefore,  what 
becomes  necessary  is  the  optimization  of  cast  steel’s  structure 
through  an  appropriate  selection  of  heat  treatment  parameters, 
which would enable obtaining of the bainitic structure.  
The purpose of the work was to determine the influence of 
different  cooling  rates  on  the  structure  and  properties  of 
G17CrMoV5  –  10  cast  steel  subjected  to  regenerative  heat 
treatment.  
 
 
2. Material for research 
 
The investigation was carried out on samples taken out from 
an outer cylinder of a steam turbine body serviced for ca. 251 678 
hours at  the  temperature  of  535°C  and  pressure  9.0  MPa.  The 
examined cylinder was made of low-alloy G17CrMoV5 – 10 cast 
steel.  Chemical  composition  of  the  investigated  cast  steel  is 
presented in Table 1. 
 
Table 1.  
Chemical composition of investigated cast steels (%wt.) 
 
After  long-term  operation  the  structure  of  investigated  cast 
steel was a degraded bainitic – ferritic – pearlitic structure (Fig. 
1).  The  dominant  phase  in  the  structure  was  quasipolygonal 
ferrite,  characterized  by  numerous  carbides  of  diverse 
morphology inside ferrite grains. On grain boundaries there were 
numbers of large carbide precipitates observed which formed the 
so called „continuous grid” of precipitates in some areas.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Structure of the examined cast steel after long-term service 
 
 
 
Moreover, a decay of bainitic lath structure was noticed – in 
some  places  the  presence  of  bainite  in  the  structure  was  only 
revealed by a characteristic arrangement of carbides. The size of 
ferrite and bainite grains amounted respectively to 5/4 and 5/3 
according to ASTM standards, which corresponds to the gain’s 
mean  diameter  of  62.5/88.4μm  and  62.5/125 m.    Performed 
identifications  of  precipitates  in  the  cast  steel  after  service 
revealed the occurrence of: M23C6 carbides on grain boundaries, 
M23C6,  MC,  M2C,  M7C3  –  inside  grains,  and  compound 
complexes of „H - carbide”. 
Degradation  of  the  structure  occurring  during  long-term 
operation contributed to a decrease of mechanical properties in 
the investigated cast steel (Table 2).   
 
Table 2.  
Mechanical  properties  of  the  G17CrMoV5  –10  cast  steel  after 
service  
  TS 
MPa 
YS 
MPa 
El. 
% 
KV 
J  HV30 
after service  491  241  14.4  12  133 
according to  
PN – EN * 
590 
 ￷  
780 
min. 
440 
min. 
15  27  --- 
         * - PN – EN 10213 – 2 
 
Long-term service caused most of all an increase of brittleness 
in the examined cast. The researched cast steel was characterized 
by low impact strength amounting to 12J and NDT temperature of 
ca. 55°C (Table 2, Fig. 2). The remaining mechanical properties 
were also lower than the minimum standard requirements –  TS 
by 17%, YS by 45% and El. by 4%. Hardness of the examined 
cast steel after service amounted to 133HV30 (Table 2). 
 
 
 
 
 
 
 
 
 
WPŁYW SZYBKOŚCI 
 
 
 
 
Fig. 2. NDT temperature determined for the examined cast steel 
   
C  Mn  Si  P  Cr  Mo  V 
0.15  0.65  0.26  0.012  1.60  1.17  0.30  
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3. Influence of cooling rate  
on the structure and hardness  
of G17CrMoV5 - 10 cast steel 
 
In  order  to  determine  the  influence  of  cooling  rate  on  the 
structure  and  properties  (hardness)  of  G17CrMoV5  –  10  cast 
steel, a graph has been drawn up (Fig. 3) on the basis of the TTT 
curve included in the paper [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Influence of cooling rate on microstructure and hardness  
of the G17CrMoV5 – 10 cast steel 
 
The analysis of curves illustrated in Fig. 3 allows to conclude 
that: 
  cooling rate in the temperature range of 800   500°C higher 
than 0.041 K/s prevents the austenite from transformation 
into pearlite (hardness of the obtained structures amounted 
to: 200 ￷ 250 HV30); 
  the rate of v8 – 5   0.05 K/s contributes to obtaining of the 
bainitic  –  ferritic  structure  with  an  increasing  bainite 
fraction along with the cooling rate increase (hardness of 
the structures above 250 HV30); 
  cooling at the rate of v8 – 5   2.09 K/s ensures obtainment of 
the bainitic structure (hardness above 320 ￷ 330 HV30). 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. M23C6 carbides revealed in the G17CrMoV5 – 10 cast  
steel after heat treatment
4. Structure of the G17CrMoV5-10 cast 
steel after heat treatment 
 
In order to assess the influence of cooling rate on the structure 
and mechanical properties of G17CrMoV5 – 10 cast steel, a heat 
treatment was carried out. On the basis of critical temperatures 
Ac1  and  Ac3,  which  were  determined  by  means of  dilatometric 
tests  and  amounted  to  809  and  937°C  respectively,  the 
austenitizing  temperature  value  was  assumed:  960°C.  The 
temperature of austenitization, not exceeding the Ac3 temperature 
by  30°C,  ensured  obtaining  of  a  fine  and  moderately 
homogeneous austenite  grain  [9].  Time  of  austenitizing  for  the 
samples was four hours, which is the time applied for large-size 
casts of cylinders and valve turbines. 
The samples were subjected to cooling at the rates allowing to 
obtain structures, such as: bainitic, bainitic with about 10  15% of 
ferrite,  and  ferritic  with  about  20%  of  bainite.  Four-hour 
tempering  was  performed  in  the  range  of  temperatures: 
700￷740°C. Obtained structures after heat treatment are presented 
in Fig. 5. Bainitic hardening and normalizing allowed to receive  
the following structures in the investigated cast steel: bainitic and 
bainitic  –  ferritic  one,  respectively.  In  the  bainitic  –  ferritic 
structure  ferrite  fraction  did  not  exceed  15%.  Performed 
microscopic  observations  revealed  different  morphology  of 
bainite in the obtained structures. In the cast steel after bainitic 
hardening only the „needle-shaped” form of bainite occurred and 
was morphologically similar to martensite, which could indicate 
the  presence  of  lower  bainite  in  the  structure  (Fig.  5d). In  the 
examined cast steel after normalization, however, the “feathery” 
bainite form could be observed, which indicated the upper bainite 
occurrence.  Whilst  the  “needle-shaped”  bainite  (lower  bainite) 
appeared sporadically – Fig. 5c. High-temperature tempering of 
both structures caused precipitation of carbides on boundaries of 
former  austenite  grain  as  well  as  inside  and  on  boundaries  of 
bainite  laths.  (Fig.  5c,  5d).  Performed  identifications  of  the 
precipitates revealed the occurrence of the following carbide types 
in  the  structure:  MC,  M23C6,  M3C  and  M7C3.  The  M7C3  and 
M23C6  carbides  were  precipitated  on  the  boundaries  of  bainite 
packets and  on the boundaries of former austenite grain, while 
inside bainite packets the presence of MC and M3C carbide was 
disclosed (Fig. 4). Slow cooling after the austenitization process 
(full annealing) together with high tempering allowed to obtain 
tempered  ferritic  –  bainitic  –  pearlitic  structure  in  the 
G17CrMoV5 – 10 cast steel. Bainite amount in the structure did 
not exceed 15 20%, whilst the amount of pearlite was about 7%. 
Similarly as in the structure after service, the dominant phase was 
quasipolygonal  ferrite.  Inside  quasipolygonal  ferrite  the  fine-
dispersion  carbides  could  be  observed  as  well  as  the  large 
spheroidal  precipitates.  On  grain  boundaries  numerous  large 
precipitations of carbides were noticed (Fig. 5b). Changes in the 
structure caused by the applied heat treatment were similar to the 
changes  observed  in  the  structure  of  cast  steel  after  long-term 
operation. 
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5. Research on mechanical properties 
 
Long-term service of the investigated cast steel caused a fall 
of impact strength down to 12J and a decrease of hardness to the 
level of 133HV30. The remaining properties, i.e. yield strength, 
tensile strength and elongation strength were also lower than the 
minimum standard requirements (Table 2). 
Table 3 presents mechanical properties of the examined cast 
steel after austenitizing process.  
Heat treatment of the examined cast steel, regardless of the 
applied cooling rate after the austenitization process, contributed 
to an increase of impact strength after tempering. Properties of the 
cast  steel  after  cooling  from  the  austenitizing  temperature  are 
shown in Table 3. There is a noticeable similarity in values of 
hardness for samples after bainitic hardening and normalizing as 
well as in low impact strength for samples fully annealed.  
High mechanical properties of the cast steel with the bainitic 
and bainitic – ferritic structure enable applying high temperatures 
of tempering. Whereas high tempering temperatures  
 
 
allow to obtain a very high impact strength and moreover, they 
increase the structure stability in the examined cast steel. Rise of 
the  tempering  temperature  from  700  up  to  740°C  (maximum 
tempering temperature  for this grade of  material) results in ca. 
twofold increase of impact strength. 
 
Table 3.  
Mechanical properties of the G17CrMoV5 –10 cast steel after 
cooling from the austenitizing temperature 
Parameters of heat 
treatment 
KV 
J  HV30 
Bainitic hardening  28  362 
Normalization  16  351 
Full annealing  10  219 
 
   
a)  b) 
d)  c) 
Fig. 5. Structure of the G17CrMoV5 – 10 cast steel after regenerative heat treatment: a) after service b) tempered ferritic – bainitic – 
pearlitic structure, c) tempered bainitic – ferritic structure, d) tempered bainite structure; SEM, nital etched  
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Table 4.  
Influence  of  heat  treatment  on  mechanical  properties  
of G17CrMoV5-10 cast steel 
 
 
In the case of the cast steel with bainitic structure the impact 
strength KV increases from 55J up to 101J, while for the cast steel 
with bainitic – ferritic structure - from 27J up to 55J (Table 4). 
The  increase  of  impact  strength  occurs  along  with  ca.  15% 
decrease of hardness. Similar decrease connected with an increase 
of  tempering  temperature  is  visible  for  the  yield  strength  and 
tensile strength. 
Obtained  structures  with  dominant  bainite  fraction  were 
characterized  by  mechanical  properties  meeting  the  standard 
requirements  for  the  examined  cast  steel.  However,  with  the 
mechanical  properties  being  similar,  the  cast  steel  of  bainitic 
structure was characterized by impact strength KV almost twice 
as high than in the case of cast steel of mixed bainitic – ferritic 
structure. Higher impact strength of the cast steel with bainitic 
structure  mostly  results  from  the  presence  of  lower  bainite,  as 
well as from the lack of cleavable ferrite in this structure [9].  
Tempered  ferritic  –  bainitic  –  pearlitic  structure  was  only 
characterized  by  the  required  impact  strength  of  ~  40J.  
Mechanical properties (yield strength and tensile strength) were 
on the level of properties of the cast steel after service. The tensile 
strength and yield strength were lower than the minimum standard 
requirements by about 10% and 40%, respectively (Table 4). 
6. Summary 
 
The cast steel subjected to research was Cr – Mo – V cast 
steel  after  long-term  service  at  the  elevated  temperature.  
Investigation of the cast steel after operation has proved that there 
was a significant decrease of impact strength KV as well as an 
increase  of  NTD  temperature  -  to  the  level  above  room 
temperature,  which  occurred  as  a  result  of  the  structure 
degradation.  Along  with  the  brittleness  increase  in  the 
investigated  cast  steel  there  was  a  decrease  of  mechanical 
properties  –  bigger  in  the  case  of  yield  strength  than  tensile 
strength (Fig. 1, 2, Table 2).  
The research, performed on the cast steel after heat treatment, 
has shown  that the  impact  strength  increased  regardless of  the 
cooling rate applied after austenitizing. It has been proved that the 
cast steel with a dominant fraction of bainite in the structure is 
characterized by a large strength margin which enables applying 
high  temperatures  of  tempering.  Increasing  of  the  tempering 
temperature  form  700  up  to  740°C  contributes  to  ca.  twofold 
increase  of  impact  strength,  wiht  the  decrease  of  mechanical 
properties being on the level of about 15% (Table 4). Structures 
obtained  after  bainitic  hardening  and  normalizing  were 
characterized  by  similar  mechanical  properties.  However,  the 
bainitic structure of the examined cast steel revealed almost twice 
as high impact strength KV than the „mixed” structure (Fig. 5). 
Higher impact strength in the tempered bainitic structure results 
from  the  presence  of  upper  bainite  which  is  characterized  by 
higher yield strength than the lower bainite and by the lack of 
cleavable ferrite [9, 10].  
What has proved to be strongly unfavourable, was applying 
full annealing for the investigated cast steel. The ferritic – banitic 
structure obtained through such a heat treatment was similar to the 
structure  of  cast  steel  after  service.  Slow  cooling  from  the 
austenitizing temperature and the subsequent tempering  allowed 
to achieve only the required impact strength on the level of ~40J, 
with the mechanical properties similar to those after service (Fig. 
5, Table 4). 
 
 
References 
 
[1] E. Molinie, R. Piques, A. Pineau, Fatique Fract. Engng. Mater. 
Struct., Behaviour of a 1Cr-1Mo-0.25V steel after long-term 
exposure–I.  Charpy  impact  toughness  and  creep  properties, 
14,  5, 1991, 531. 
[2] G. Golanski, S. Stachura, J. Kupczyk, B. Kucharska – Gajda, 
Heat  treatment  of  cast  steel  using  normalization  and 
intercritical  annealing,  Arch.  Of  Foundry  Eng.,  7,  1,  2007, 
123. 
[3] S.  Stachura,  J.  Kupczyk,  M.  Gucwa,  Optimization  of  
structure and properties of Cr – Mo and Cr – Mo – V cast 
steel  intended  for  use  at  increased  temperature,  Przeglad  
Odlewnictwa 54, 5, 2004, 402. 
[4] N. Komai, F. Masuyama, M. Igarashi, 10 – year experience 
with T23 (2.25Cr – 1.6W) and T122 (12Cr – 0.4Mo – 2W) in 
a power boiler, Transactions of the ASME, 127, 2005, 197. 
   
Heat treatment 
 
TS 
MPa 
YS 
MPa 
El. 
% 
KV 
J  HV30  Structure 
after service  491  241  14.4  12  133 
bainitic – 
ferritic –
pearlitic  
B
a
i
n
i
t
i
c
 
h
a
r
d
e
n
i
n
g
 
T
e
m
p
e
r
i
n
g
 
t
e
m
p
e
r
a
t
u
r
e
,
 
°
C
 
700  794  606  16.7  55  256  bainitic 
740  675  486  19.2  101  220  bainitic 
N
o
r
m
a
l
i
z
a
t
i
o
n
 
700  769  561  17.1  27  255  bainitic – 
ferritic 
740  658  453  20.1  55  217  bainitic – 
ferritic 
F
u
l
l
 
a
n
n
e
a
l
i
n
g
 
720  548  274  23  35  168 
ferritic– 
bainitic–
pearlitic 
740  517  269  25  42  167 
ferritic– 
bainitic –
pearlitic 
According to PN 
– EN  
590  
 
 780 
min. 
440 
min. 
15 
min. 
27  ----  ___  
A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   9 ,   I s s u e   3 / 2 0 0 9 ,   4 9 - 54  54 
[5] W. Bendick, B., Hahn, H. Heuser, R. Fuchs, Behaviour of new 
pipe steels and their  welds in modern high efficiency power 
stations  with  high  steam  parameter,  5
th  International 
Conference  “Advances  in  Materials  Technology  for  Fossil 
Power Plants”, Marco Island, 2007, 830. 
[6]  J. Trzeszczyński, E. Grzesiczek, W. Brunne, Effectiveness of 
solutions extending operation time of long operated cast  steel 
elements of steam turbines and steam pipelines,  Energetic, 3, 
2006, 179 (in Polish). 
[7] A. Bakalarski, A. Nowarski, J. Sus, K. Wyszyński, Badania 
teoretyczne  i  doświadczalne  zastosowania  wodnych 
roztworów  polimerowych  do  hartowania  staliwa 
niskostopowego, Przegląd Odlewnictwa, 51, 2001, 2, 61. 
[8] J.  Łukowski  Nowoczesne  instalacje  hartownicze  z 
zastosowaniem  roztworów  polimerowych,  Przegląd 
Odlewnictwa, 51, 2001, 2, 57. 
[9] G. Golanski, S Stachura, B. Gajda, J. Kupczyk, Influence of 
cooling  rate  on  structure  and  nechanical  properties  of 
L21HMF cast steel after regenerative heat treatment, Archives 
of Foundry, 6, 21, 2006, 143 (in Polish). 
[10] H.  K.  D.  H.  Bhadeshia,  Bainite  in  steels,  2
nd  edition,  The 
University Press Cambridge, Cambridge, UK, 2001. 
[11] A. Bochenek, I. Przerada Fracture toughness of 32HA steel in 
conection  with  awareness  of  microstructure  form,  IV 
Conference of Fracture Mechanic, Kielce, 1991, 31 (in Polish) 
[12] PN – EN 10213 – 2 Technical delivery for steel castings for 
pressure  purpose  –  Part  2:  Steel  grades  for  use  at  room 
temperature and elevated temperature. 